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Local formation of immune deposits in rabbit renal proximal tubules.
Rabbits passively immunized with goat antibodies to rabbit angiotensin
converting enzyme (ACE), an enzyme synthesized in the endoplasmic
reticulum and mainly expressed on the apical membranes of the cells of
proximal tubules, developed mild and transient immune deposits in this
segment of the nephron. Granular deposits of goat IgG, rabbit ACE and
C3 were found in the basolateral compartment and were maximal during
the first week of immunization when the highest titers of anti-ACE
antibodies were present. As the antibody titer fell to an undetectable
level, the immune deposits were rapidly cleared and were virtually
absent 21 days after the injections. Artificial increase of glomerular
permeability allowed focal binding of ACE antibodies to the brush
border of some tubules, but did not significantly alter the pattern of
immune injury at the base of tubular cells. The data are consistent with
the interpretation that the immune deposits result from in situ formation
of immune complexes. This mechanism would involve passage of
circulating antibodies across the tubular basement membrane and their
combination with ACE associated with tubular cell surface membranes.
Antibodies reactive with structural antigens of the kidney
induce various types of injury reflecting special anatomic and
physiologic conditions of target cells or structures [1]. Three
animal models have been used to study the lesions associated
with circulating antibodies and structural antigens of the renal
tubules. First, rabbits receiving multiple renal allografts [2], or
actively immunized with homologous renal tissue [3], develop
immune deposits in the basal part of the proximal tubules. This
lesion is ascribed to antibodies reactive with cytoplasmic anti-
gens "leaking out" of tubular cells [4]. Second, in rats with
active Heymann nephritis, antibodies bind to antigens present
in the apical part of the epithelial cells of proximal tubules [5, 6]
with loss of microvilli, proliferation of cells [7], and formation
of immune deposits in the subepithelial part of the tubular
basement membrane (TBM) [7—9]. Third, rats actively immu-
nized with Tamm-Horsfall protein (THP), an antigen expressed
on the basolateral membranes of the epithelial cells of the
ascending limb of Henle's loop [10], develop immune deposits
at the base of the epithelium in this segment of the nephron Ill,
12]. When rats are passively immunized with Heymann [13] or
THP [14] antibodies after artificial increase of glomerular per-
meability, binding of antibodies and development of lesions
occur rapidly in the apical part of the tubular segments express-
ing Heymann or THP antigens, respectively.
The purpose of this paper is to describe the formation of
immune deposits in the basolateral compartment of renal prox-
imal tubules in rabbits passively immunized with heterologous
antibodies to rabbit angiotensin converting enzyme (ACE).
Since ACE-generated angiotensin II has a role in tubular re-
absorption of fluid and electrolytes [15—19] and in renal acidifi-
cation [20] the model may have importance for understanding
certain aspects of tubular pathophysiology.
Methods
Animals
Female New Zealand White rabbits, each weighing 2.0 to 2.5
kg, were purchased from Beckens Farms (Sanborn, New York,
USA).
Induction of proteinuria in rabbits by administration of
cationic bovine serum albumin (BSA)
Crystalline BSA (Miles Laboratories, Inc., Elkhart, Indiana,
USA) was cationized using 1 -ethyl-3 (3-dimethylaminopropyl)-
carbodiimide hydrochloride (Pierce Chemical Co., Rockford,
Illinois, USA) and anhydrous ethylenediamine (Fisher Scien-
tific Company, Pittsburgh, Pennsylvania, USA) according to
the method described by Border et al [21]. The p1 was greater
than 9.5. Eight rabbits were injected intravenously with 1 mg of
cationized BSA and 1 g of lipopolysaccharide B (E. coli
026-B6, Difco Laboratories, Detroit, Michigan, USA). After
one week, 20 mg of cationized BSA were injected daily intra-
venously for three to four weeks until the rabbits developed
proteinuria (> 300 mg/dl determined by biuret method). Then
they received goat anti-rabbit ACE y-globulin (GtaRbACE) or
normal goat y-globulin as described below.
GtaRbACE antibody, and goat non-immune preparations
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Rabbit pulmonary ACE was purified as previously described
[22]. Antibodies to RbACE were raised in goats by immuniza-
tion with the purified enzyme in Freund's adjuvant [22]. Isola-
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tion of IgG from immune (since GtaRbACE y-globulin and
GtaRbACE IgG induced the same effect, the two preparations
are indicated by the common abbreviation GtaRbACE) or
normal goat y-globulin was achieved by DEAE-cellulose chro-
rnatography [221. The preparation of Fab fragments of IgG has
been previously described [22, 23]. Normal goat IgG and Fab
were obtained using the same techniques. The specificity of
GtaRbACE and immune Fab was demonstrated by radioimmu-
noassay, by anticatalytic activity, and by immunodiffusion and
immunoelectrophoretic analysis [22, 23]. For immunoblot tech-
nique [24] rabbit lung and kidney homogenates were solubilized
in 1% Triton X-100, denatured in 5% mercaptoethanol/TRIS/
SDS buffer for five minutes at 95°C and applied to a 7.5% slab
gel run at 15 mA. A total of 25 g protein were loaded per
sample per lane. Electrophoretic transfer onto a nitrocellulose
membrane (Schleicher & Schuell BA 85, Keene, New Hamp-
shire, USA) was accomplished by running a current of 200 mA
through for 18 hours. The nitrocellulose was blocked with an
8% solution of dry milk for two hours, then incubated in a
1/1000 solution of GtaRbACE at 4°C for 18 hours. Horseradish
peroxidase-labeled rabbit anti-goat IgG (HRP BlO-RAD) was
applied to the membrane at a dilution of 1/1000 for two hours at
room temperature. The blots were developed using a 3,3'
diaminobenzidine tetrachloride solution (Sigma Chemical Com-
pany, St. Louis, Missouri, USA, 100 mg/SO ml TBS) plus an
equal volume of tris buffered saline, I mg/mI imidazole (Sigma)
and 0.5 tl/ml of 50% H202.
Intravenous injection of GtaRbACE, or normal goat
y-globulin preparations
Sixty-three normal rabbits were injected for a maximum of
four days with GtaRbACE or normal goat y-globulins. The dose
injected daily was: 8 mg/kg of body weight on day 1, 23 mg on
day 2, 29 mg on day 3, and 19 mg on day 4. Immune and
non-immune y-globulins were diluted in 12 ml of sterile saline
and slowly injected in an ear vein over a period of six hours. Of
the normal rabbits injected with GtaRbACE, seven were sacri-
ficed on day 1, 12 on day 4, and 14 between day 7 and 21. Of the
rabbits injected with normal goat y-globulin or IgG, three were
sacrificed on day 1, nine on day 4 and ten between day 7 and 21.
Of the eight rabbits pretreated with cationized BSA, two
injected with GtaRbACE and one injected with normal goat
y-globulin were sacrificed on day 4; three rabbits injected with
GtaRbACE and two injected with normal goat y-globulin were
sacrificed on day 7. Three rabbits were injected as described
with Fab fragments of GtaRbACE IgG and two rabbits with Fab
fragments of normal goat IgG. The doses were 8 mg x kg of
body weight on day 1, and 23 mg on day 2. These rabbits were
sacrificed on day 3 [251.
Perfusion of isolated kidneys
Isolated kidneys were perfused according to the method of
Ross, Pestein and Leaf [26]. Protein in the perfusate consisted
of bovine serum albumin (BSA, Fraction V, Miles Laborato-
ries) dialyzed in a 10% solution (wt/vol) of Krebs-Henseleit
bicarbonate buffer at 4°C. The final perfusate consisted of 6.7 g
BSA/lOO ml in Krebs-Henseleit high bicarbonate-buffered sa-
line, 5 mrvi glucose, and a mixture of amino acids according to
deMello and Maack [27]. Before use the perfusate was filtered
through a 0.45 tm filter (Millipore Corp., Bedford, Massachu-
setts, USA) and circulated through the perfusion system to
equilibrate for temperature and content. Rabbits were anesthe-
tized with intravenous injection of phenobarbital, and heparin-
ized. The right renal artery was cannulated and the kidney
perfused using a peristaltic pump (model 1201, Harvard Appa-
ratus, South Natick, Massachusetts, USA). After an equilibra-
tion period of 10 minutes the perfusate volume was adjusted to
100 ml. The temperature was 37°C, the perfusion pressure 100
mm Hg, and the pH 7.30 to 7.40. The perfusate flow through the
kidney was about 30 mI/mm. Twenty mg of either GtaRbACE
IgO or normal goat IgG were added to the reservoir. The
perfusion of the recirculating mixture lasted three hours. At the
end of the experiments cortical tissue was obtained and proc-
essed for light and electron microscopy and for immunohisto-
chemistry.
Light microscopy and transmission electron microscopy
Kidney tissue was fixed in 2% glutaraldehyde, and processed
for electron microscopy. Thin sections were studied by JEOL
IOOS electron microscope (JEOL, Tokyo, Japan).
immunofluorescence microscopy
Fluorescein isothiocyanate (FITC)-conjugated IgG fractions
of a rabbit antiserum to goat IgG, of a goat antiserum to rabbit
IgG, and of a goat antiserum to C3 were purchased from Cappel
Laboratories (Cochranville, Pennsylvania, USA). The speci-
ficity of the antisera was established by immunoelectrophoresis
and immunodiffusion. GtaRbACE was conjugated with FITC
and direct and indirect immunofluorescence microscopy tests
were performed as previously described [251. In indirect immu-
nofluorescence test frozen sections of normal rabbit kidney
were incubated with serial dilutions of GtaRbACE, followed by
incubation with FITC-labeled rabbit anti-goat IgG. Antibody
titer was expressed as the highest serum dilution giving an
unequivocal positive brush border reaction. The antiserum pool
had a titer of 1:6,400. Indirect immunofluorescence microscopy
tests were also performed to determine the titer of circulating
anti-ACE antibodies in rabbits injected with GtaRbACE. Serum
samples were obtained on days 0 to 4, 7, 14 and 21.
Immunoelectron microscopy
Horseradish peroxidase (HRP)-conjugated, affinity-purified
IgG fraction of a rabbit anti-goat IgG serum was purchased from
Cappel. GtaRbACE was conjugated with HRP according to the
method of Nakane and Kawaoi [281. The left kidney was
perfused with the periodate-lysine paraformaldehyde fixative
[29] for 10 minutes. Small fragments of cortex were excised and
further fixed by immersion for four hours at 4°C. The tissue was
washed in phosphate buffered saline (PBS), pH 7.4., containing
4% sucrose for two days with several changes followed by the
final wash with PBS containing 4% sucrose and 7% glycerol for
one hour. Then, the tissue was snap-frozen in liquid nitrogen.
Seven to eight jm thick sections were cut in a cryostat and
mounted on egg albumin-coated slides, dried at room tempera-
ture, and incubated with 0.05% sodium borohydride in PBS for
30 to 40 minutes at 4°C. For detection of goat IgG or ACE the
sections were first incubated with normal rabbit or goat serum
diluted 1:20 in PBS for 30 minutes, then with the HRP-
conjugated IgG fraction of a rabbit anti-goat IgG serum diluted
4-
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1:15 in PBS or HRP-conjugated GtaRbACE diluted 1:10 in PBS
for two hours at room temperature. After fixation with 2.5%
glutaraldehyde for 30 minutes at 4°C, sections were incubated
for 20 minutes with 0.025% diaminobenzidine (Sigma) in 0.05 M
Tris-HCI buffer, pH 7.6 and then for 2.5-5 minutes, with the
same solution containing 0.005% H202 at room temperature [30,
31J. The sections were postfixed in 1% osmium tetroxide,
dehydrated in alcohol and flat embedded in Spurr medium
(Polyscience, Warrington, Pennsylvania, USA). The thin sec-
tions were cut with an ultramicrotome and observed with a
JEOL 100S electron microscope without additional staining.
Results
Characterization of antibody preparations
G1aRbACE IgG formed a precipitin band against purified
converting enzyme by the Ouchterlony immunodiffusion tech-
nique, whereas Fab did not. Fab formed a precipitin band
against rabbit anti-goat IgG by immunoelectrophoresis in
agarose [221. By immunoblot analysis IgG reacted with the
same single 165,000 molecular wt protein in both lung and
kidney homogenates (Fig. I).
Expression of ACE in sections of normal kidney
The study by indirect immunofluorescence technique per-
formed on kidney sections obtained from normal rabbits
showed deposits of ACE in the brush border of proximal
convoluted tubules. By immunoperoxidase electron micros-
copy reaction product was also observed in the brush border
but not in the basolateral membranes (Fig. 2).
Perfusion of isolated kidney
When isolated kidneys were perfused with GtaRbACE IgG
finely granular deposits of goat IgG were seen by immunofluo-
rescence microscopy in the basal part of the cells of proximal
tubules (Fig. 3). Distal tubules were consistently negative. In
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Fig. 2. Electron micrograph showing the results of experiments per-
formed by immunoperoxidase technique for the demonstration of ACE
in the proximal tubules of a normal rabbit kidney. The reaction product
is localized in the brush border. x 10,000
Fig. 1. A 7.5% reduced SDS gel stained with
Coomassie Blue of (A) size markers of
myosin, /3 galactosidase, phosphorylase B,
bovine serum albumin, ovalbumin, carbonic
anhydrase, (B) rabbit lung soluhilized
homogenate, (C) rabbit kidney solubilized
homogenate; and immunoblot reacted with
goat anti-rabbit ACE IgG 1:1000, (C') kidney,
(B') lung.
Fig. 3. linmunofluorescence micro graph showing fine granular depos-
its of goat IgG in the basal part of proximal tubules in an isolated
kidney perfused with GtaRbACE. A distal tubule (asterisk) is not
stained. x 500
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Figs. 4. and 5. Electron micrographs showing results of immunoperoxidase studies in kidneys perfused with GtaRbACE. In Fig. 4 the reaction
product, indicating presence of goat IgG, is distributed linearly along the basolateral membranes (arrowheads). In Fig. 5 small granular deposits
of reaction product (arrowheads) are seen at the level of the basolateral membranes (or basolateral compartments). The TBM is negative. Fig. 4,
X 30,000; Fig. 5, x 25,000
Fig. 6. Immunoftuorescence micrograph showing granular deposits of
goat IgG in the basal part of the proximal tubules 4 days after the
beginning of injection of GtaRbACE. x 300
Fig. 7. Iminunofluorescence micrograph showing fine, granular, de-
posits of ACE in the basal part of some proximal tubules. ACE is also
present in the brush border. x 500
sections studied by immunoperoxidase electron microscopy the Intravenous injection of GtaRbACE or normal goat
reaction product was distributed linearly along the basolateral y-globulin into normal rabbits
membranes (Fig. 4) or formed small granular deposits in the
basolateral compartments (Fig. 5). In other sections a mixed By direct immunofluorescence microscopy granular deposits
linear and granular pattern was observed. Immune deposits of goat IgG became detectable in the basal part of the proximal
were not present in kidneys perfused with normal goat IgG. tubules 24 hours after the first injection of GtaRbACE and were
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Fig. 8. Electron micrograph showing results of immunoperoxidase studies 4 days after injection of GtaRbACE. Deposits of goat IgG are identified
by reaction product localized in the basal part of tubular cells. The inset shows deposits of ACE in the basolateral compartment. Fig. 8, X 10,000;
inset x 18,000
Fig. 9. Transmission electron micrograph illustrating the basal part of a proximal tubule in a rabbit injected for 4 days with GtaRbACE. The
arrowheads indicate minimal irregularities (dilations) of the profiles of the basolateral compartments. x 32,000
more abundant on day 4 (Fig. 6). On day 4 deposits of ACE
(Fig. 7) and rabbit C3 were seen in the same location. Rabbit
IgG was not detectable. In two rabbits weak and transient
deposits of goat IgG were present in the brush border. By
immunoelectron microscopy the deposits of goat IgG were
mainly localized in the basolateral compartment, near the base
of the tubules (Fig. 8). The deposits of ACE were at the same
sites (Fig. 8, inset). When the structure of proximal tubules was
studied by electron microscopy the only detectable abnormality
was the presence of minimal discrete dilations of the space
between basolateral membranes (Fig. 9). At higher magnifica-
tion the same areas of the basolateral compartment appeared to
contain small electron dense deposits (Fig. 10). By light micros-
copy in almost all rabbits the tubules and the interstitium
appeared normal. Only in two animals accumulation of cells in
the lumen of proximal tubules and tubular cell degeneration,
accumulation of platelets in interstitial capillaries adjacent to
proximal tubules, and infiltration of mononuclear cells in the
interstitium were seen. The tubular immune deposits progres-
sively decreased in size and number, and were no longer
44
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Fig. 10. Transmission electron micrograph showing the basal part of a tubular cell in a rabbit treated as described in Fig. 9. The focal dilations
of the basolateral compartment are due to small electron opaque, foreign, deposits (arrowheads). The inset shows the cross-section of one of these
deposits. Fig. 10, x 62,000; inset X 88,000
Fig. 11. Transmission electron micrograph of the basal part of a proximal tubule in a rabbit injected for 4 days with normal goal IgG. The changes
shown in Fig. 9 are not present. x 32,000
detectable on day 21. The tubules and the interstitium of rabbits
injected with Fab fragments of GtaRbACE IgG or with normal
goat y-globulin (Fig. 11) were consistently normal.
Intravenous injection of GtaR hA CE or normal goat
y-globulin into proteinuric rabbits
All rabbits injected with cationized BSA developed membra-
nous glomerulonephritis and proteinuria, Three of them had
focal infiltration of inflammatory cells in the interstitium, as
previously described [211. When studied after injection of
GtaRbACE, deposits of goat IgG and rabbit C3 were observed
in the brush border of some proximal tubules. Granular deposits
of goat IgG were localized in the basal part of the tubules. By
electron microscopy widespread lesions of the brush border,
comparable to those seen in rats passively injected with
Heymann antibodies [13], were not seen. Further, electron
dense deposits, similar to those occurring in the lumen of
Henle's loops of proteinuric rats passively injected with THP
antibodies [14], were not observed. The tubules of proteinuric
rabbits injected with normal goat IgG appeared normal. Normal
goat IgG was detected in absorption droplets in some tubules.
4
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Circulating GtaRbACE antibodies
Indirect immunofluorescence tests for measurement of cir-
culating GtaRbACE showed the highest titers (1:240) on day
4. The level of antibodies rapidly declined, and they were
no longer detectable four days after the last injection of
GtaRbACE.
Discussion
The present study shows that rabbits injected with heterolo-
gous anti-ACE antibodies develop a transient injury of renal
proximal tubules characterized by formation of granular depos-
its in the basolateral compartment of proximal tubules. The
deposits contain ACE, goat IgG and rabbit C3, in the form of
immune complexes: they therefore are immune deposits. Evi-
dence that the lesions result from in situ interaction of circulat-
ing antibodies with ACE expressed at the level of basolateral
membranes is based on three considerations: First, ACE is a
structural antigen synthesized in the endoplasmic reticulum and
expressed on the brush border [32—43] of the cells of proximal
tubules and, to a lesser extent, on the basolateral membranes
[37, 40, 43]. Failure in our studies to demonstrate ACE in the
basolateral membranes of normal kidney may be ascribed to
insufficient sensitivity of the immunoelectron microscopy tech-
nique used. However, when the kidneys are perfused, making
larger amount of antibodies accessible to ACE, linear and finely
granular deposits of goat IgG are seen along the basolateral
membranes. As previously shown in glomerular endothelium,
ACE may not be detectable by indirect immunohistochemical
techniques, yet interaction with GtaRbACE at 37°C induces
formation of discrete granular deposits of goat IgG, of a size
sufficient for visualization [25]. The restricted localization of the
immune deposits to the basal part of proximal tubules in the
present study is consistent with the interpretation that the
immune interaction occurs exclusively where there is ACE
accessible to circulating antibodies.
The second consideration is that the peritubular capillaries
and the TBM are much less restrictive to the passage of
macromolecules than the glomerular capillary wall [44]. Follow-
ing this route tracers—and presumably antibodies—can gain
access to the basolateral compartment of tubules [45—49]. Our
data, as well as those of Hoyer [11, 12], argue against the
hypothesis that basolateral immune deposits result from reab-
sorption of immune complexes from the glomerular filtrate.
Intravenous injections of GtaRbACE induces a mild and tran-
sient glomerulonephritis, but proteinuria and binding of goat
IgG to the brush border are seldom detected [25]. Moreover,
when the glomerular permeability is artificially increased, bind-
ing of goat IgG to the brush border of some proximal convo-
luted tubules does not augment the amount of immune deposits
in the basolateral compartment. Further, when proteinuric rats
are passively injected with antibodies to THP the immune
deposits at the luminal level of Henle's loop do not extend
beyond the tight junctions [11].
Third, in the kidneys of rabbits injected intravenously with
GtaRbACE the immune deposits, visualized by immunohisto-
logical techniques and by transmission electron microscopy,
are localized—as in isolated perfused kidneys—in the basolat-
eral compartments of the cells of proximal tubules, rather than
in the walls of peritubular capillaries and in the TBM of both
proximal and distal tubules, where circulating immune com-
plexes might be deposited [50, 51]. Thus, we conclude that
antibodies crossing the TBM react with ACE expressed on the
basolateral membranes and induce shedding of the immune
complexes in the basolateral compartment where immune com-
plexes precipitate and aggregate forming detectable, granular,
deposits. Immune deposits probably do not occur in proximal
tubules of rabbits injected with Fab fragments of GtaRbACE
IgG because these do not cross-link [1].
The tubular immune deposits appear one day after injection
of ACE antibodies and are no longer visible four weeks later.
Their removal correlates with the clearance of antibodies from
the circulation, comparable to the disappearance of immune
deposits of THP from the loops of Henle [52, 53]. In both
models the turnover of antigen and the relatively small quantity
of transferred antibodies may result in local antigen excess with
solubilization of large latticed complexes [54]. Other factors to
be considered are antibody-induced disappearance of ACE
(antigenic modulation) from the basolateral membranes [1], and
the possibility that small immune deposits can cross the TBM
with subsequent removal via renal lymphatics [52]. The more
prolonged persistence (up to 30 days) of immune deposits in the
glomerular capillary wall of rabbits injected with ACE antibod-
ies [25] exemplifies the role that local factors play in the
turnover and clearance of immune deposits [1, 53]. Persistence
of tubular immune deposits related to an autologous phase did
not occur in this model. The inflammatory response was rare,
mild and focal in nature, and may be related to the extra-
vascular localization of the deposits [55].
In addition to the well-documented renal hemodynamic ac-
tions, angiotensin II exerts a direct influence on the reabsorp-
tive functions of the proximal tubules. Conversion of angioten-
sin I into angiotensin II can occur in the tubular environment,
and an increase in interstitial angiotensin II concentration
enhances fluid reabsorption [15—19] and regulates renal acidifi-
cation [20]. The deposits might diminish the concentration of
ACE through antigenic modulation [1], thereby decreasing the
reabsorption rate of proximal tubules [56] and altering acidifi-
cation [20]. The absence of morphological signs of inflammation
may not preclude this possibility because in rats with Heymann
nephritis functional changes, attributable to damage of basolat-
eral membranes of proximal tubules, persist after recovery of
morphological integrity [57]. Further studies should establish
whether this experimentally-induced, immune complex forma-
tion in renal proximal tubules is associated with functional
changes.
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